We perform a two-dimensional simulation by using an elec-4 tromagnetic hybrid code to study the formation of slow-mode shocks in col-5 lisionless magnetic reconnection in low beta plasmas, and we focus on the 6 relation between the formation of slow shocks and the ion temperature anisotropy 7 enhanced at the shock downstream region. It is known that as magnetic re-8 connection develops, the parallel temperature along the magnetic field be-9 comes large in association with the anisotropic PSBL (plasma sheet bound-10 ary layer) ion beams, and this temperature anisotropy has a tendency to sup-
Introduction
In the Earth's magnetotail, magnetic reconnection plays an important role in the con-19 version of magnetic field energy in two lobes into kinetic and thermal energy of plasmas in 20 a plasma sheet. Since Petschek [1964] proposed the necessity of pairs of slow-mode shocks 21 attached to the diffusion region in magnetic reconnection in order to achieve its efficient 22 energy conversion rate, many studies have been devoted to this model. As for numerical 23 studies, many MHD simulations have confirmed the existence of slow shocks along the 24 reconnection layer. Namely, slow-mode waves, propagating from the neutral point toward 25 two lobes and along the outflow jets at one time, steepen and result in the steady state 26 two pairs of slow shocks as is suggested by Petscheck [Sato and Hayashi , 1979; Scholer , 27 1989; Abe and Hoshino, 2001] . In addition, observations of ISEE [Feldman et al., 1985] 28 and Geotail [Saito et al., 1995; Seon et al., 1995] satellites have shown the existence of 29 such slow shocks in the Earth's magnetotail. Especially, Saito et al. [1995] showed that 30 the variation in the ion temperature is much larger than the electron temperature varia-31 tion across slow shocks. This suggests that the ion scale dissipation mechanism would be 32 strongly related to the formation of slow shocks in collisionless plasmas.
33
Until now, however, there is no clear consensus on the formation of slow shocks in mag-34 netic reconnection by both hybrid and full-particle simulations, even though the formation 35 of slow shocks itself has been demonstrated by slow shock simulations without magnetic 36 reconnection [Omidi and Winske, 1989; Karimabadi , 1995; Omidi et al., 1995] , and by 37 a Riemann problem of slow shocks [Fujimoto and Nakamura, 1994; Lin and Lee, 1995; 38 Liu et al., 2011] . Attempts to investigate slow shocks in a large scale reconnection with with increasing distance from the neutral point in the case of no-guide field reconnection.
48
Lottermoser et al. [1998] also showed the slow shock-like discontinuities, and suggested 49 that the downstream ions were not directly heated by slow shocks as was shown by Lin 50 and Swift [1996] but heated by the stochastic motion of ions. They discussed that the thin 51 current sheet formed after reconnection became turbulent and such turbulent structures 52 caused stochastic motion of ions.
53
That being the case, what causes such a discrepancy of the formation of slow shocks 54 between MHD [Sato and Hayashi , 1979] and kinetic treatments of plasmas? We suggest 55 that an important kinetic modification in magnetic reconnection would be ion temperature 56 anisotropy along reconnection layers. Observations by ISEE-3 and Geotail satellites in 57 the Earth's magnetotail reported that the ion temperature parallel to the magnetic field 58 (T i, ) is higher than that perpendicular to the magnetic field (T i,⊥ ) at the downstream 59 region of slow shocks [Cowley et al., 1984; Hoshino et al., 2000] . Such ion temperature 60 anisotropy is known to be produced by two plasma components, i.e., the convecting cold 
77
In the following sections, we will first refer to the simulation model; second, show 78 results of the kinetic simulation for magnetic reconnection, and lastly discuss the nature 79 of discontinuities formed along reconnection layers in detail. 
Simulation Model
In our study, the two-dimensional electromagnetic hybrid code, in which ions are treated 81 as particles while electrons as a mass-less fluid, is used to investigate the formation of slow 82 shocks in magnetic reconnection. Algorithm of our hybrid code is based on the method 83 of general predictor-corrector loops [Harned , 1982; Winske and Leroy, 1984] . Within our simulation, basic equations are as follows:
where f i is the velocity distribution function of ions and a charge neutral condition,
86
q i n i − en e = 0, is assumed. γ is the adiabatic index and set to be 5/3 in this paper.
87
As for electrons, we assume that the electron gas is isotropic and both the electron heat 
92
In addition, the spatial profile of the resistivity is given by
where η 0 is the background resistivity due to ion-electron interactions. Here, the back-
93
ground resistive length λ r0 ≡ η 0 c 2 /(4πV A0 ) is set to be 10 −4 λ i , where λ i is the ion inertial 94 length in the initial lobe. η c is the anomalous resistivity due to some instabilities in the 95 diffusion region, e.g., the lower hybrid drift and the drift kink instabilities. This resistive
96
term is assumed to be independent of time and its resistive length is equal to 3.6×10 −2 λ i .
97
D R A F T December 21, 2013, 11:49am D R A F T l x and l y are the characteristic lengths to determine the size of the anomalous (electron) 98 diffusion region and are set to be l x = 1.0 λ i and l y = 0.5 λ i , respectively.
99
The whole size of the two-dimensional system is −342 λ i ≤ L x ≤ 342 λ i and −32 λ i ≤ L y ≤ 96 λ i . Grid intervals, ∆ x and ∆ y , are both equal to 1/3 λ i . Initially, a double Harris equilibrium is assumed and periodic boundary conditions in both x-and y-direction are imposed. The initial spatial profile of magnetic field is given as
where y ′ c = 64.0 λ i and the half thickness of an initial current sheet, δ y , is set to be 1.2 λ i .
The density is given by
The ratio of the density at the center of the initial current sheet to the background one, i.e., n c /n 0 , is set to be 4. We assume the uniform electron temperature, T e = 5 × 10 
Results
First we shall show the whole structure of reconnection, focusing on discontinuities formed along reconnection layers. Next, the nature of such discontinuities in kinetic plas- Speiser-type trajectories [Speiser , 1965; Nakamura et al., 1998 ] and form a thin current 117 sheet whose half thickness is about an ion inertial length. In 70 λ i < |x| < 110 λ i , the 118 current structure becomes in some degree turbulent and its half thickness reaches about 119 5 λ i . Then, the current appears to be concentrated in the areas along the PSBL as is 120 predicted by MHD simulations. diverge. At this time, the region |x| < 150 λ i is filled with plasmas which originate from 129 two lobes.
130
As is seen in Figure 2 
194
Comparison with RH relation in anisotropic plasmas:
195
We shall investigate the nature of these discontinuities formed along reconnection lay-
196
ers by using RH relations in anisotropic plasmas [Karimabadi et al., 1995] . The basic 197 equations are as follows: 
where 
219
In Figure 7 we show such parameters in magnetic reconnection. From the top to the ǫ 2 is nearly equal to unity everywhere in Region 2.
240
Now, we know ǫ 2 , θ 1 , and M n1 . In addition, the upstream plasma betas are nearly equal 
251
On the other hand in the case of ǫ 2 < 0.85, the area, where slow shock solutions can exist, 
Discussion and Conclusion
We have discussed the relation between the ion temperature anisotropy obtained by since the temperature anisotropic parameter ǫ is greater than 0, the fire-hose instability 310 is absent in the transition region. However, near the CPS, the condition ǫ < 0 for the 311 fire-hose instability can be satisfied in −100 λ i < x. We think that these instabilities 
317
We briefly refer to the upstream shock angle, θ 1 . shock. So far the observational study of the slow shock detection in the Earth's magneto-
330
tail assumed the isotropic temperature [Saito et al., 1995; Seon et al., 1995] , but the RH 331 study of the slow mode shock including the temperature anisotropy may distinguish the 332 slow shock region between Regions 1 and 2.
333
In Region 1, we found the relaxation of the anisotropic temperature and the formation 334 of the slow shock, but one might indicate that larger scale simulations would result in 335 more isotropic plasma distribution in the slow shock region. In fact, we studied larger 336 scale simulations, but we found that as time goes on, other magnetic islands are formed 337 from the diffusion region, grow, and are ejected into the outflow region. As a result, the 338 size of Region 1 cannot become larger than ∼ 120 λ i .
339
We obtained that the minimum distance for relaxation of the temperature anisotropy 340 required for the formation of slow shock is about 115 times ion inertia length based on our 341 two-dimensional hybrid simulation. However, some other processes that are not included 342 in our simulation may quickly reduce the ion temperature anisotropy in a shorter spatial 343 scale from the X-type neutral point. Such candidates might be the three dimensionality 
